which are strongly alkaline with poor soil structure and nutrients [5] [6] [7] . However, Songnen Plain has been one of the most important grain-producing regions, given its location in a high-latitude rain-fed area. In recent decades many technical approaches have involved improving saline-alkaline soils with regard to the increasing demand for food with the growth in population [8] . For example, planting rice to help salt leaching and create a shallow soil desalination layer, but with a drawback of saline return once the water layer has disappeared [9] ; planting alkaline-tolerant species to increase crop yields [10] ; building bulging strips or barriers in the field; applying organic fertilizer or soil amendments [11] ; and culturing arbuscular mycorrhiza (AM) to help plants capturing nutrients [12] ; etc.
Except for the above methods, subsurface pipe drainage has had a long history since the 19th century because it had advantages in salt drainage and water table control. Compared to conventional drainage, subsurface pipe drainage could save land occupation and reduce water use. Also, it has been adapted to different types of soil. However, it was seldom concerned in soda salinealkali soil considering the weaker water infiltration rate [13] .
The subsurface drainage system (SDS) consists of porous pipes buried underground by an expert drainage trencher. Plenty of excess water around pipes was required to solute saline alkali soil. Then surface salty water was collected by porous pipes and drained centrally out of soil.
In SDS, pipe diameter, buried depth, and spacing are the most important engineering parameters. Weather, soil type, terrain, and vegetation et al. are also related [14] [15] [16] . For example, pipes buried deep (approximate 3 m) and sparsely were adopted by the United States [17] , whereas the approach of shallow and narrowly designed subsurface drainage, with depth 0.8-1.5 m and distance 20-40 m, has been taken by India, Iran, and Japan [18] [19] . A previous study reported that the deeper the pipes were buried, the less time cost for water declining to the same table, and consequently the faster the average declining rate; simultaneously, the closer the pipes, the larger the drainage modulus, water, and salt discharge per unit [20] . Moreover, the research on salinity migration characteristics showed that the closer the pipes were buried, the better salinity removal effect was under the condition of simulated subsurface drainage [21] [22] . The optimal parameters from the field experiment were obtained in an inland saline area (Xinjiang, western China) with depth and spacing of 2.0 m and 50 m, respectively [20] ; in a coastal salinealkaline area (Shandong, easten China) with depth and spacing of 1.2 m and 14 m, respectively; and in paddy soil (Japan) with 0.2-1.0 m depth and 0.2-15 m spacing [23] . Singh et al. calibrated the DRAINMOD model and demonstrated that the optimal water draining strength was 0.46 cm·d −1 with subsurface pipes 0.6-0.8 m deep and 14-20 m apart [24] . Therefore, the relationship between space and depth of subsurface pipes closely depends on the soil type and properties. Distance would be larger if pipes were buried deeper. For soda saline-alkaline soil with poor water filtration, optimal installing model of the subsurface pipes should be shallow and sparse.
In our study, SDS was applied to the newly reclaimed paddy field located in western Jilin province, northeastern China. 5 m in space was adopted according to previous reports [25] . The current study aims to investigate the influence of subsurface pipe at different depths on physicochemical properties and crop production of soda meadow alkaline soil in Songnen Plain. Results reported here may provide a new insight into the method to ameliorate soda saline-alkali soil.
Materials and Methods

Site Description
The study area is between Anguang and Honggangzi villages in Da'an, Jilin province of China, locating in the middle of Songnen plain (123°48′28.7″ -123°49′20.5″E, and 45°35′34.5″ -45°36′12.1″N). The climate is temperate with continental monsoon. Average annual temperature is 4.3ºC and average annual accumulated temperature reaches 2,921.3ºC. The mean annual precipitation in this area is 413.7 mm and the average annual sunshine hours are 3,012.8. Soil type in this area is classified as severe soda meadow alkaline soil. The study was conducted in a paddy field reclaimed in 2010 with area of 37.65 ha. Five plots were selected randomly and each plot was 20×80 m. The experiment was performed from May 2010 to October 2012. Physico-chemical properties of the field prior to reclaiming were: heavy loam soil texture, 1.15×10 -3 mm/min soil permeability, pH 10.26, electrical conductivity 1.07 ms/cm, and total soil organic matter content of 6.2 g/kg.
Experimental Design and Field Management
Two controls were set up, the first (CK) was used as a negative control (neither subsurface pipe nor comprehensive supplementary measures), the second (CK1) was treated with comprehensive supplementary measures: subsoiled to 0.6 m by an expert scarifier (SD7LGP, China) mulched with sandy soil (organic content 0.8 g/kg, pH8.5) of 5 cm thickness (at 500 m Every treatment was operated at 3 replications, followed by rice planted in spring 2010. Products in the area of 10×10 m were harvested in October 2012, based on a ratio of collecting area to planting area of 1:15.
Surface soil at the profile of 0~20 cm was collected in October 2011 after rice harvest. Soil samples were randomly taken according to "S" sampling method with the principle of equivalent and multipoint.
Analytical Methods
Soil pH and Electronic conductivity (EC) were tested onsite using a portable pH meter (HI99121, China) and EC meter (HI993310, China). Other items are tested indoors after soil samples were taken to the laboratory and prepared. Soil permeability was identified as the capacity of water passing through soil at 10ºC, represented by the permeability coefficient K 10 . The formula is given by: K 10 = Kt / (0.7 + 0.03t) (1) …where Kt is the permeable coefficient at temperature tºC with unit mm/min., and t is the temperature of infiltrated water monitored continuously until stable (720 min and 18.8ºC in this study).
Wet sieve analysis was used to test soil aggregates, pipette method for soil texture, and potassium dichromate oxidation for soil organic carbon [26] [27] [28] . Alkalihydrolyzable nitrogen was quantified by the method in a previous report [29] . Available P was determined using NaHCO 3 extraction and subsequent colorimetric analysis at 700 nm. Available K was extracted by shaking with 0.5 M ammonium acetate acid then determined using a flame photometer. The cation exchange capacity (CEC) was given using NH 4 OAC extraction and tested on flame photometry. Total soil salinity (TS) was measured by mass method. K + and Na + were determined by flame photometry. Ca 2+ and Mg 2+ were determined by titration with EDTA. CO 3 2-, and HCO 3 -was determined by the double indicators of phenothalin and bromophenol blue, then titration with 0.01M sulfuric acid. Cl -was measured by titration with AgNO 3 . SO 4 2-was measured by titration with EDTA. Exchangeable sodium (Na + ) was determined using flame photometry after extraction with NH 4 OAC and NaOH [30] .
Total alkali (TA) was identified as a summary of CO 3 2- 
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Effects of Different Buried Pipe Depths on Soil Physical Properties
Soil Permeability
Soil permeability is a basic indicator evaluating the availability of subsurface pipes in controlling soil alkalinity. Varied soil permeability according to different treatments is shown in Table 1 . The permeability in CK was the lowest, with K 10 being 0.004 mm/min, but K 10 significantly increased to 0.045 mm/min after promoted soil permeability. This is probably because soil texture and structure were promoted by rice planting combined with organic fertilizer application, when soil water migration improved as a result and salty water drained out of the subsurface pipe. Afterward, the speed of soil alkali leaching increased, resulting in soil salt content decreasing and a virtuous cycle being created.
Soil Aggregation
Soil aggregation as storage and cycling of soil organic carbon and total nitrogen can significantly affect soil stability and fertility [32] . Aggregates are often grouped by size: macroaggregates (>0.25mm) and microaggregates (<0.25mm) with these groups being further divided by size [32] [33] . In this study soil particle size was predominantly distributed in 0.053~0.25 mm and less than 0.053 mm in diameter ( Table 1 ). The results of Tukey's multiple range test showed that compared to CK, particle sizes larger than 2 mm significantly decreased (P<0.05) after utilization of the soil improvement method (CK1) and the installation of subsurface pipes (H1 to H3). Nevertheless, there were no significant differences among the 5 treatments in terms of particles sizes ranging 0.053~0.25 mm and <0.053 (P>0.05). Compare to control (CK and CK1), the particle diameter in 0.25~2 mm was significantly decreased in the treatments with subsurface pipe installed, whereas no significant decrease (P>0.05) was detected among the treatments of different depths of subsurface pipes. The data indicated that the application of subsurface pipe combined with comprehensive supplementary measures and subsoiling had a positive affect on the aggregate structure of the soil.
Effects of Different Pipe Depths on Soil Nutrients and Rice Yield
Soil organic matter (SOM) was the most active ingredient to supply nutrients for plants, which is recognized as one of the important indicators for soil fertility. As shown in Table 2 , the content of SOM was low in CK (9.57 g/kg), whereas it significantly increased (P<0.05) after applying the comprehensive supplementary measures (CK1). Compare to CK1, significant differences of SOM were observed in the treatments of H1, H2, and H3, which increased 3.58 g/kg, 3.28 g/kg, and 3.10 g/kg, respectively. This demonstrated that subsurface pipe combined with comprehensive supplementary measures synergistically promoted SOM content by accelerating crop growth. The amount of organic matter entering soil was increased as a result and the increased SOM content making subsurface pipe work well in reverse [34] . Soil nutrient is the necessary element that crops absorbed in soil for growing, which is also one of the important indicators for evaluating soda meadow alkaline soil fertility. The effect of subsurface pipe on soil nutrient content is shown in Table 2 . Compared to CK, the contents of alkali-hydrolyzable nitrogen and available potassium were significantly increased (P<0.05) in the treatment of CK1, but the content of available phosphorus was not significantly different. Compared to CK1, the content of alkali-hydrolyzable nitrogen, available potassium, and phosphorus were not significantly increased in the treatments of H1, H2, and H3 (P<0.05). This indicated that subsurface pipe plus comprehensive supplementary measures had great impact on available nutrients.
Rice yield was low in the treatments of CK (2,480 kg/hm 2 ) while it was higher in the treatment of CK1 (5,050 kg/hm 2 ), which indicated that implementing comprehensive supplementary measures was effective and necessary. On the basis of CK1, rice yield was significantly increased with the utilization of subsurface pipe. The maximum output was seen in the treatment of H1 with 7,500 kg/hm 2 . The results suggested that the design of shallower buried subsurface pipe could get more rice yield ( Table 2 ).
Effect of Different Pipe Depths on Soil Salinity and Composition
The value of total salinity (TS) could reflect soil salinity condition and dynamic variations. In this study, TS was high in CK, which is 3.57 g/kg. Compared to CK, TS significantly decreased (P<0.05) in the treatment of CK1. Compared to CK1, TS in the treatments of H1, H2, and H3 significantly decreased as 1.56 g/kg, 1.11 g/kg, and 1.04 g/kg, respectively (P<0.05). The data showed that subsurface pipe combined with comprehensive supplementary measures in soda alkaline soil had a synergistic effect on TS decrease. Although soil permeability was improved by the comprehensive supplementary measures as shown in Table 1 , TS in the different soil layers could not be transported to the subsurface and quickly drained without an outlet. Therefore, the single method had less advantage in promoting soil TS. Combining comprehensive supplementary measures with subsurface pipe was the best way to decrease soil salt content, which not only ameliorated soil permeability, but also helped saline water drain out of the soil. Consequently, the growth of rice root system was promoted and desalination of the soil was accelerated [35] .
Cation exchange capacity (CEC) directly determined soil performance of fertilizer supply. It is recognized as the larger of soil CEC and the better of soil fertilizer supply. The original soil CEC in Da'an has lower CEC, which is 18.33 cmol/kg as shown in CK; however, it was significantly enhanced (P<0.05) after implementing subsurface pipe plus comprehensive supplementary measures (Fig. 3) . Although compared to CK1, the treatments of H1 and H2 significantly increased, no significant differences were observed in the treatment of H3 (P<0.05). This showed that shallow buried subsurface pipe at less than 1.0 m was better in soil CEC improvement. This was probably because shallow buried subsurface pipe improved plant growth, leading to organic matter of plant and root residues gradually accumulating as a result.
pH value in all treatments was lower than CK and showed a decreasing tendency with rice growing, and this variation of tendency was getting slower during 1 July to 30 September, 2011 (Fig. 4) . This result demonstrated that planting rice is a critical factor for decreasing soil pH. And subsurface pipe plus comprehensive supplementary The value of electrical conductivity (EC) is an important indicator that reflects the content variations of water-soluble salt in soil, which is redistributed and accumulated because of the movement of underground water [36] . EC is also used to evaluate whether the salt ion is the limiting factor for plant growth. In our study, EC in all treatments showed a decreasing tendency with rice growth (Fig.5) . Compared to CK, EC in the treatment of CK1 significantly decreased (P<0.05) in 2011; whereas no significant decrease was observed during the rice growing period except 5 Oct. 2010. Compared to CK1, the treatment of H1 showed the lowest EC during the entire monitoring period except 25 demonstrated that shallow buried subsurface pipe was prone to decreasing EC, which probably was because the saline water found it easier to reach the shallow subsurface pipe and drain out of the soil [37] .
Soda meadow alkaline soil had higher contents of Na 2 CO 3 , NaHCO 3 , and exchangeable sodium, which severely damaged crop growth. Owning to the main composition of TA with Na 2 CO 3 and NaHCO 3 in the study area, TA is recognized as the summary of the content of CO 3 2-and HCO 3 -, which determined soil pH and other physicochemical characters [38] . TA variations in different treatments are shown in Fig. 4 . TA in the CK1 treatment significantly decreased (P<0.05) compared to CK, and TA in the treatments of H1, H2, and H3 also significantly decreased (P<0.05) compared to CK1. The results demonstrated that implementing the soil reclaiming method plus subsurface pipe greatly improved soil permeability and promoted saline water draining out of soil, leading to a TA decrease.
ESP was the percentage of sodium ion that soil colloid absorbed in CEC. It was considered that the higher the ESP, the stronger the soil alkalinity. The original soil ESP in Da'an was 66.56%. The effect of different pipe depths on soil ESP is shown in Fig. 5 . ESP was 58.39% in the treatment of CK, and reduced to 54.40% after utilizing fertilizer and other improvement measures. It showed a significant decrease in the treatments of H1, H2, and H3 compared to CK1. ESP was the lowest in the treatment of H1, indicating that CEC gradually increased but that total soil saline decreased owing to subsurface pipe installation. Lots of Na 2 CO 3 and NaHCO 3 were drained, leading to sodium ion absorbed by soil colloid being declined.
SAR described relative content of soluble sodium ion in soil. The value of SAR is higher in soda alkaline soil ranging from 4 to 8 [39] . The original soil SAR in Da'an was 7.64 (mmol/L). The variations of SAR in different treatments are shown in Fig. 6 . Compared to CK, SAR in the treatment of CK1 was significantly reduced; and compared to CK1, SAR in the treatments of H1 and H2 significantly decreased as well. No significant decrease was seen in the treatment of H3. The results demonstrated that shallow buried subsurface pipe could rapidly decrease the relative content of sodium ions in the soil colloid, which was probably due to the exchange of matter and energy between paddy soil and irrigated water. Thus the harm of sodium ion to plants was reduced or eliminated. Afterward, the implementation of the complex improving method displaced lots of Na + , then leached with ground water and drained out of soil by subsurface pipe without accumulation. According to carbonate equilibrium in soil water, CO 3 2-would transfer to HCO 3 -with soil pH decreasing, which resulted in part of the carbonate being transferred to bicarbonate. Furthermore, Ca 2+ and Mg 2+ were ionized, leading to Ca 2+ and Mg 2+ content increasing [36] .
Conclusions
Results reported here indicate that either comprehensive supplementary measures or subsurface pipe installation could significantly improve soil permeability, organic matter contents, available nitrogen, available potassium, and CEC. Soil pH, EC, TS, TA, and SAR were all decreased with the application of comprehensive supplementary measures or combined with subsurface pipe, and the later has a better effect. Moreover, the treatment with shallow buried pipe (H1 = 0.8 m) decreased more in soil pH, EC, and SAR, and promoted more in rice yield than the other treatments. Based on these results, to ameliorate the soda saline-alkali area in Songnen Plain, an optimal treatment is suggested for shallow installation of subsurface pipe with 0.8m in depth and 5 m in space, and at the same time combining with the application of comprehensive supplementary measures.
